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,QWKHUHFHQWSDVWH[WHQVLYHUHVHDUFKZRUNKDVEHHQFDUULHGRXWRQSURFHVVLQJRI$O6L& 00&¶V ZKHUHLPSURYHG
SK\VLFDO PHFKDQLFDO DQG ZHDU SURSHUWLHV ZHUH REVHUYHG 7KH SULQFLSDO DGYDQWDJH RI 00&¶V RYHU PRQROLWKLF
PDWHULDOV OLHV LQ WKH LPSURYHG PHFKDQLFDO SURSHUWLHV RQ DXQLWZHLJKW EDVLV 0DQ\ UHVHDUFKHUVKDYH LQFRUSRUDWHG
$O2 7L& %& DQG 6L& DV FHUDPLF SDUWLFOHV LQ DOXPLQLXP DQG LWV DOOR\V PDWUL[ 7KHVH 00&¶V UHYHDOHG DQ
H[FHOOHQWFRPELQDWLRQRIKLJKVSHFLILFVWUHQJWKDQGVWLIIQHVVLPSURYHGZHDUVHL]XUHUHVLVWDQFHDQGKLJKHUHOHYDWHG
WHPSHUDWXUH VWUHQJWK SURSHUWLHV RYHU RWKHUPDWHULDOV 9DULRXVPHWKRGV KDYH EHHQ XVHG LQ IDEULFDWLQJ00&¶V E\
GLIIHUHQWUHVHDUFKHUV VXFK .XPDUHWDO  DQG0DKHQGUDHWDO  XVHG/LTXLGPHWDOOXUJ\ 6FXGLQRHWDO
 DQG&KXHWDO XVHG 3RZGHUPHWDOOXUJ\ 'XERXUJHWDO  DGRSWHG ODVHUFODGGLQJ %DKUDLQLHWDO
 DQG %OXFKHU HW DO  XVHG OLTXLG LQILOWUDWLRQ ,Q IDEULFDWLQJ 000&¶V +RZHYHU LW LV UHFRUGHG WKDW
IDEULFDWLRQRI00&¶VE\ OLTXLGPHWDOOXUJ\VWLU FDVWLQJPHWKRG LV FRQVLGHUHG DVRQHRI WKHPRVW FRPSHWLWLYH DQG
HFRQRPLFDOV\QWKHVL]LQJSURFHVV,QVWLUFDVWLQJZHWWLQJSOD\VDQLPSRUWDQWUROHLQSURGXFLQJTXDOLW\FRPSRVLWHV
.UHW] HW DO DQG 6R HW DO KDYH FRQGXFWHG VWXGLHV RQ ZHWWDELOLW\ DQG GHWHUPLQHG WKH ZHWWLQJ DQJOH
:KLFK SOD\V DQ LPSRUWDQW UROH LQ GHFLQJ WKH JRRG ERQGLQJ EHWZHHQ PDWUL[ DQG WKH UHLQIRUFHPHQW7KLV FDQ EH
LPSURYHG HLWKHU E\ DGGLQJZHWWLQJ DJHQWV RU E\PRGLI\LQJ WKH VXUIDFH RI WKH UHLQIRUFHPHQWV .UHW] HW DO 
VXJJHVWHG WKDW WKHVXUIDFHPRGLILFDWLRQLQFUHDVHVWKHMRLQLQJVWUHQJWKEHWZHHQFHUDPLFDQGPHWDOPDWUL[DQG WKLVLV
HVSHFLDOO\ QRWLFHDEOH IRUFRDUVH6L&SDUWLFOHV .0DQLJDQGDQHWDO  REVHUYHGWKHFOXVWHULQJRUDJJORPHUDWLRQ
RI WKH UHLQIRUFLQJ 6L& SDUWLFOHV DW FHUWDLQ LQWHUYDOV LQ$6L& 00&¶V SURGXFHG E\ SRZGHU PHWDOOXUJ\ ZLWK
LPSURYHPHQWVLQ XOWLPDWHWHQVLOHVWUHQJWK
0DQRM 6LQJOD HW DO  VXJJHVWHG WKDW ,Q $6L&00&¶V WKH 6L& FRQWHQW XS WR  VKRZHG LPSURYHG
PHFKDQLFDO SURSHUWLHV )XUWKHU LQFUHDVH LQ 6L& FRQWHQW VKRZHG GHFUHDVHG WUHQG 6LPLODU LPSURYHPHQWVZHUH DOVR
REVHUYHG LQ ZHDU EHKDYLRXU RI WKH FDVW FRPSRVLWHV :HDU LV RQH RI WKH ZD\V FRQFHUQHG ZKHUH PDWHULDOV DUH LQ
FRQWDFWLQ ZKLFK WKH\ ORVHWKHLUXVHIXOQHVV <RXVHIL HWDOREVHUYHGLQ ZHDUVWXG\ WKDW YROXPHORVVLQFUHDVHV
OLQHDUO\ ZLWK LQFUHDVLQJ VOLGLQJ GLVWDQFH EXW WKH FXPXODWLYH YROXPH ORVV RI FRPSRVLWHV LV ORZHU WKDQ WKDW LQ
DOXPLQLXPDQGGHFUHDVHVZLWKLQFUHDVLQJYROXPHIUDFWLRQRI6L&XSWR:HDUUDWHLQFUHDVHVZLWKLQFUHDVHLQWKH
VOLGLQJGLVWDQFHDQGWKHVSHHG 1XPEHUVRIVWXGLHVZHUHFRQGXFWHGE\GLIIHUHQWUHVHDUFKHUVWRRSWLPL]HWKHYROXPH
IUDFWLRQRIWKHUHLQIRUFHPHQW $NKODJKLHWDODQG6XUHVKDHWDO &RQFOXGHG WKDW 6L& UHLQIRUFHG
FRPSRVLWHH[KLELWHG EHWWHUZHDUUHVLVWDQFHWKDQWKHRWKHUFRPELQDWLRQVRI$ODQG6L& SDUWLFOHV :HDULQYROYHV
ORFDOL]HG SODVWLF GHIRUPDWLRQ DQG FRQVHTXHQW JHQHUDWLRQ RI UHVLGXDO VWUHVV FDXVHG E\ LQFRPSDWLEOH LQWHUQDO DQG
SHUPDQHQWVWUDLQ 1RYDNHWDO DQG6ULGKDU HWDOFRQFOXGHG WKDWWKLVVWUHVVLVWKHSUHGRPLQDQWIDFWRU
FRQWULEXWLQJ WR IDWLJXH DQG RWKHU VWUXFWXUDO IDLOXUHV ZKHUH WKH VHUYLFH VWUHVV LV VXSHULPSRVHG RQ WKH SUH H[LVWLQJ
UHVLGXDOVWUHVV
/LWHUDWXUHUHYLHZLQGLFDWHVODFNRIGDWDRQWKHVWXG\RIUHVLGXDOVWUHVVVXEVHTXHQWWRSODVWLFGHIRUPDWLRQIROORZLQJ
ZHDU $VDUHVXOWSUHVHQWLQYHVWLJDWLRQDWWHPSWVWRVWXG\ WKHPHFKDQLFDOEHKDYLRUDQGVOLGLQJZHDUSHUIRUPDQFHDQG
ILQDOO\WKHSRVWZHDUUHVLGXDOVWUHVVRISURFHVVHG$6L&00&¶V
([SHULPHQWDO'HWDLOV
$DOOR\ZDVXVHGDVWKHEDVLFPDWHULDOIRUSUHSDULQJWKH$6L&00&¶V $ DOOR\LV DGPLUHGIRUFDVWLQJ
RSHUDWLRQV+LJK FRQWHQW RI VLOLFRQ LQ LW LPSURYHV LWV IOXLGLW\ DQG VWUHQJWK7KH FKHPLFDO FRPSRVLWLRQRI$ LV
JLYHQLQ7DEOH
7DEOH&KHPLFDO&RPSRVLWLRQRI$DOOR\
(OHPHQW &X 0J 0Q 6L )H =Q $O
:W       %DODQFH
&XFRDWHG6L&SDUWLFOHVZHUHXVHGDVUHLQIRUFHPHQWV $6L&FRPSRVLWHVZHUHSURGXFHGE\VWLUFDVWLQJSURFHVV
$ DOOR\ ZDVSUHKHDWHGDW & IRUDQKRXUDQGPHOWHG LQDJUDSKLWHFUXFLEOH LQD3/&FRQWUROOHGHOHFWULFDO
UHVLVWDQFHIXUQDFH &XFRDWHG6L&SDUWLFOHVZHUHSUHKHDWHGLQWZRVWDJHVEHIRUHLQFRUSRUDWLQJLQWR$PHOW7KHVH
SDUWLFOHV ZHUHSUHKHDWHGDW&IRU KDQGFRROHG WRURRPWHPSHUDWXUH 7KHQ WKHVHSDUWLFOHVZHUHUHKHDWHG WR
&IRUDQRWKHUKDQGFRROHGWR&EHIRUHDGGLQJWKHPWRWKHPHOW7KLVWZRVWHSSUHKHDWLQJKHOSHG WR DOWHU
RIVXUIDFHFRPSRVLWLRQRZLQJWRWKHIRUPDWLRQRIWKLQR[LGHOD\HU DQGUHPRYHVWKHVXUIDFHLPSXULWLHVRIWKHSDUWLFOHV
WRIDFLOLWDWHJRRGERQGLQJZLWK$PDWUL[ 7KHIXUQDFHWHPSHUDWXUHZDVPDLQWDLQHGDW&$DOOR\PHOW
DQG6L&SDUWLFOHVZHUH WKRURXJKO\PL[HG IRU aPLQXWHV DW DQ DYHUDJH VWLUULQJ VSHHG RI  USPDW D FRQWUROOHG
875 Mohan Vanarotti et al. /  Procedia Materials Science  5 ( 2014 )  873 – 882 
WHPSHUDWXUH RI & 7KH SRXULQJ WHPSHUDWXUH ZDV FRQWUROOHG DW a & $ SUHKHDWHG SHUPDQHQW PRXOG ZLWK
GLDPHWHUV LQ WKHUDQJHRIPPDQGPPZDVXVHG WRREWDLQ WKHFDVWEDUV)LQDOO\ WKHVXSHUKHDWHGPHOWZDV
SRXUHGLQWRSUHKHDWHG a& SHUPDQHQWPRXOG([WHQVLYHFDUHZDVWDNHQWRDYRLGSRURVLW\7KHSRURVLW\OHYHOV
RIWKHDV±FDVWFRPSRVLWHVZHUHQHJOLJLEOHDVWKHFRPSRVLWHPHOWZDVGHJDVVHGDQGFDVWLQJZDVFDUULHGRXWLQDUJRQ
DWPRVSKHUH 0HWDOORJUDSKLF VDPSOHV ZHUH VHFWLRQHG IURP WKH FDVW EDUV XVLQJ DEUDVLYH FXWWLQJ PDFKLQH
0LFURVWUXFWXUHV RI WKH FDVW FRPSRVLWHV ZHUH H[DPLQHG LQ D PHWDOOXUJLFDO PLFURVFRSH XVLQJ 7ULQRFXODU LQYHUWHG
PHWDOOXUJLFDOPLFURVFRSH'0,YLFWRU\ DW GLIIHUHQWPDJQLILFDWLRQV 6FDQQLQJ (OHFWURQPLFURVFRSLF DQDO\VHVZHUH
FDUULHGRXWXVLQJ&$5/=(,66(92VFDQQLQJ(OHFWURQ0LFURVFRSH0HFKDQLFDOSURSHUWLHVZHUHHYDOXDWHGE\
KDUGQHVV PHDVXUHPHQW DQG WHQVLOH WHVWV 9LFNHUV PLFUR KDUGQHVV RI WKH DV FDVW FRPSRVLWHV ZDV PHDVXUHG DV SHU
$670(VWDQGDUGVXVLQJ9LFNHUV(66:$<8.WHVWHU7HQVLOHWHVWVZHUHFRQGXFWHGXVLQJ7)8&870
0DFKLQH
$VFDVWFRPSRVLWHEDUVZHUHFXWLQWRF\OLQGULFDOSLQVRIPPGLDPHWHUDQGPPOHQJWKIRUZHDUWHVWV6OLGLQJ
ZHDUWHVWVZHUHFDUULHGRXWRQDSLQRQGLVFZHDUDQGIULFWLRQPRQLWRU '8&20 ± 756HULHVXQGHUGU\VOLGLQJ
FRQGLWLRQVDWURRPWHPSHUDWXUHDVSHU$670*VWDQGDUGV:HDU7HVWHUFRQVLVWHGRIDKDUGHQHGVWHHOGLVF(1
RIPPGLDPHWHUDQGPPWKLFNQHVVDVFRXQWHUIDFH6XUIDFHURXJKQHVV5DRISLQVDQGGLVFZDVDERXWDQG
ȝPUHVSHFWLYHO\3LQVZHUHZHLJKHGXVLQJDPLFUREDODQFHZLWKDFFXUDF\RI JEHIRUHDQGDIWHUHDFKWHVW WR
FDOFXODWHWKHZHLJKWORVV7HVWVZHUHFDUULHGRXWIRUDFRQVWDQWVOLGLQJVSHHGRIPVE\YDU\LQJ VOLGLQJGLVWDQFHRI
PDWDQRUPDOORDGRIDQG15HVLGXDOVWUHVVHVZHUHPHDVXUHGXVLQJ5,*$.8UDSLG;UD\
WHVWDQDO\]HU$OOWKHWHVWVZHUHFRQGXFWHGDWURRPWHPSHUDWXUH
5HVXOWVDQG'LVFXVVLRQ
0HFKDQLFDO3URSHUWLHV
7DEOH  VKRZV WKHPLFURKDUGQHVVDQG WHQVLOHSURSHUWLHVRI$6L& ZW 00&¶V 7KHKDUGQHVVYDOXH
9+1VKRZVWKHLQIOXHQFHRI6L&FRQWHQWRQ$6L&FRPSRVLWHV,WLQGLFDWHVWKDWWKHLQFUHDVHGKDUGQHVVRIWKH
FRPSRVLWHIURPWR9+1LVGXHWRSUHVHQFHRI6L&FRQWHQWIURPWRZWZKLFKLV VLJQLILFDQW 7KLVVKRZV
DQLQFUHDVHLQWKHKDUGQHVVRIaIRUZW6L&DGGLWLRQ7KLVLQFUHDVHLQKDUGQHVVLVDWWULEXWHGWRWKHKDUGQHVV
RI6L&SDUWLFOHVWKDWRSSRVHVWKHPRYHPHQWRIGLVORFDWLRQVLQWKH$PDWUL[ 7KLVLQFUHDVHGGLVORFDWLRQSURYLGHVD
SRVLWLYH LQSXW WR VWUHQJWK RI WKH PDWHULDO $QG DOVR LQWHUIDFH EHWZHHQ WKH UHLQIRUFHPHQW DQG PDWUL[ SOD\V D
GHWHUPLQLQJ UROH RQ PHFKDQLFDO SURSHUWLHV RI FRPSRVLWHV 7HQVLOH VWUHQJWK RI WKH $6L& FRPSRVLWH DOVR
LQFUHDVHGDVWKHSHUFHQWDJHRI6L&LQFUHDVHG7KHVWUHQJWKRIWKH$6L&FRPSRVLWHLVPDLQO\GHSHQGHQWRQWKH
YROXPHIUDFWLRQRIWKHUHLQIRUFHPHQW876KDYHLPSURYHGIURPDYDOXHRI03DWRPD[LPXPRI03DIRU
± ZWYDULDWLRQLQ6L&FRQWHQW$QGWKLVLVDERXWLPSURYHPHQWRQWKHEDVHDOOR\ ,WLVDOVRVHHQWKDWDVWKH
YROXPHIUDFWLRQRI6L&LQFUHDVHVWKHGXFWLOLW\GHFUHDVHV7KLVLV H[SHFWHGLQFRPSRVLWHFRQWDLQLQJ KLJKHURI KDUG
6L&SDUWLFOHV,WLVREVHUYHGTXDQWLWDWLYHO\DQDPRXQW RIGHFUHDVHLQHORQJDWLRQDVVKRZQLQWDEOH
7DEOH ,QIOXHQFHRI6L&SDUWLFOHYROXPHIUDFWLRQVRQWKHPHFKDQLFDOSURSHUWLHV
&RPSRVLWLRQ 7HQVLOH6WUHQJWK
03D
HORQJDWLRQ +DUGQHVV9+1
$   
$6L&   
$6L&   
$6L&   
$6L&   
0LFURVWUXFWXUDOGHWDLOV
0LFURVWUXFWXUDOGHWDLOVRI$DOOR\DQG$6L&FRPSRVLWHVLQWKHDVFDVWFRQGLWLRQDUHVKRZQLQWKH )LJXUHD
E DQGILJXUHDE,W LV REVHUYHGWKDWWKHSDUWLFOHGLVWULEXWLRQLQWKHPDWUL[LVIDLUO\XQLIRUPWKHUHE\LQGLFDWLQJWKH
KRPRJHQHLW\RIWKH$6L&FDVWFRPSRVLWHV$UHILQHPHQWRIJUDLQVL]HLVDOVRVHHQLQWKH$6L&FRPSRVLWH
FRPSDUHGWR$EDVHDOOR\ DWKLJKHUPDJQLILFDWLRQ
,W LVDOVR EHVHHQLQ)LJXUHEWKDWJUDLQVWUXFWXUHRIWKHDOOR\LVHTXLD[HGLQVKDSHDQGWKLVFDQEHDWWULEXWHGWRWKH
HIIHFWRIVWLUULQJDQGWKHVSHHGRIWKHVWLUUHUWKDWWULHVWREUHDNWKHGHQGULWHVKDSHGVWUXFWXUH7KH6L&SDUWLFOHVDUH
DOVR REVHUYHGRQWKHJUDLQERXQGDULHV)LJXUHEDOVRVKRZVWKDW$6L&FRPSRVLWHVKRZVDODUJHUVFDWWHULQ
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6L& DUHD IUDFWLRQ WKDQ WKDW IRU $6L& FRPSRVLWH DV VKRZQ LQ ILJXUH  E 7KLV SHUKDSV LQGLFDWHV WKDW
HQKDQFHPHQWRI6L&FRQWHQWWHQGVWRDPRUHXQLIRUPGLVWULEXWLRQRIUHLQIRUFHPHQWLQWKHPDWUL[
5DQMLW HWDO  LQGLFDWHV WKDW WKHSUREDELOLW\ IRU WKHSUHVHQFHRISRURVLW\ LVPRUHZLWK LQFUHDVH LQ WKHYROXPH
IUDFWLRQRI6L&EHFDXVHRIWKHGLIIHUHQFHLQWKHFRHIILFLHQWRIWKHUPDOH[SDQVLRQ RIUHLQIRUFHPHQWDQGPDWUL[%XW
WKHDEVHQFHRISRURVLW\LQWKHPLFURJUDSKVDSSHDUVWRLQGLFDWHWKDWWKHVHHIIHFWVDUHOLNHO\WREHVHHQDWKLJKHU6L&
!DQGWKLVQHHGVWREHFRQILUPHGE\IXUWKHUH[SHULPHQWDOREVHUYDWLRQV
)LJ0LFURJUDSKVRIFDVWFRPSRVLWHVD$DOOR\E $6L&
)LJ0LFURJUDSKVRIFDVW FRPSRVLWHVD $ 6L& E $ 6L&
6(0DQDO\VLV
)LJXUH D VKRZV WKH6(0PLFURJUDSKV $6L&00&¶VDWKLJKHUPDJQLILFDWLRQ,W LVFOHDUO\VHHQLQ
6(0LPDJHVWKDWWKHERQGLQJ EHWZHHQSDUWLFOHDQGWKHPDWUL[LVJRRGZLWKRXWDQ\LQWHUIDFLDOUHDFWLRQ7KLVPD\EH
GXHWRWKHUHDVRQWKDWSDUWLFOHVZHUHFRDWHGZLWK&XDQGWKHWZRVWDJHSUHWUHDWPHQW RIWKHSDUWLFOHEHIRUHDGGLQJ
LQWRWKH$PHOW )LJXUHDDQG)LJXUHD	EVKRZV$6L&FRPSRVLWHFRQWDLQLQJ 6L&LQ$
6L&00&¶V ,WLVREVHUYHGWKDWYHU\OHVVDJJORPHUDWLRQRI6L&SDUWLFOHVLVVHHQLQFRPSRVLWHVIDEULFDWHGDW&
DWDVWLUULQJVSHHGDW5307KLVFRXOGEHDWWULEXWHGQRWRQO\WRWKHORZHUYLVFRVLW\DQGIULFWLRQUHVLVWDQFHRIPHOW
DW  & EXW DOVR GXH WR FRDWLQJ RI 6L& ZLWK FRSSHU ZKLFK KDV LPSURYHG WKH ZHWWDELOLW\ VLJQLILFDQWO\ 6LPLODU
REVHUYDWLRQV ZHUH PDGH E\ 9DQDURWWL HW DO  )LJXUH  D	E VKRZV WKDW 6L& SDUWLFOHV DUH FRQVLVWHQWO\
GLVSHUVHG LQ WKHPDWUL[ WKHUHE\UHYHDOLQJXQLIRUPGLVWULEXWLRQRI WKH6L&SDUWLFOHV7KHGLVSHUVLRQ LQ WKH6L&DUHD
IUDFWLRQ DSSHDUV WR EH ODUJHU IRU $6L& WKDQ WKDW LQ $6L& FRPSRVLWH DQG WKLV LV VXSSRUWHG E\ WKH
PLFURJUDSKLFREVHUYDWLRQDVGLVFXVVHGHDUOLHU
D E
D E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)LJD 6(0PLFURJUDSKSDUWLFOH±PDWUL[LQWHUIDFHLQ $6L&00&¶VE $6L&
)LJ6(00LFURJUDSKVRIFDVWFRPSRVLWHVD $6L& E$6L&
)UDFWRJUDSK\
)LJXUHV VKRZWKH6(0IUDFWRJUDSK\LPDJHVRIWKHVDPSOHVRI$6L& 00&¶V VXEMHFWHG WRWHQVLOHWHVW
LQ8707KHSUHVHQFHRIKDUG6L&SDUWLFOHVLQ WKH $ PDWUL[ PLJKWKDYHLQLWLDWHGPLFURVFRSLFFUDFNVDWWKHLQLWLDO
ORDGV )UDFWXUH RI WKH PDWUL[ DQG GHFRKHVLRQ DW WKH LQWHUIDFH RI PDWUL[ DQG UHLQIRUFHPHQWV PLJKW DOORZHG WKH
PLFURVFRSLFFUDFNVWRJURZLQKDVWHDQGUHVXOWLQJLQPLFURVFRSLFIDLOXUHDQGDVDUHVXOWORZWHQVLOHGXFWLOLW\YDOXH
)LJXUH  VKRZVWKHIUDFWRJUDSKVRI$6L&00&¶VZKLFKGLVSOD\VDGHQGULWLFVWUXFWXUHRIW\SLFDOFDVWLQJV,W
UHYHDOVHTXLD[HGGLPSOHVLQGLFDWLQJIDLOXUHXQGHUWHQVLRQDQGFRQWDLQVUDWKHUDQXQHYHQGLVWULEXWLRQRIODUJHGLPSOHV
FRQQHFWHGE\VKHHWVRIVPDOOHUGLPSOHV
D
D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)LJ )UDFWXUHVXUIDFHRIFRPSRVLWH$6L&
7KHIUDFWXUHGVXUIDFHRIUHLQIRUFHGPDWHULDOVFRQWDLQVRQO\VPDOOHUGLPSOHVUHYHDOLQJORZSODVWLFGHIRUPDWLRQ GXULQJ
WHQVLOHWHVW%XW$6L&)LJDQG$6L&)LJFRPSRVLWHVUHYHDOIHDWXUHOHVVUHJLRQVLQGLFDWLQJEULWWOH
IUDFWXUH,QWHUGHQGULWLFFDYLWLHVLQ)LJXUHV  DQG  PLJKWKDYHEHHQJHQHUDWHGGXULQJFDVWLQJ7KHIODNHOLNHUHJLRQV
)LJLVFKDUDFWHULVWLFRIEULWWOHPRGHRIIDLOXUHSRVVLEO\GXHWRIUDFWXUHRIWKHFRPSRVLWHFRQWDLQLQJ6L&SDUWLFOHV
)LJ)UDFWXUHVXUIDFHRIFRPSRVLWH$6L&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)LJ)UDFWXUHVXUIDFHRIFRPSRVLWH$6L&
 :HDU %HKDYLRXU
)LJXUHV  DIVKRZWKHZHDUWHVWUHVXOWVRIWKHDOOR\DQGWKH $6L& 00&¶V XQGHUYDULRXVQRUPDOORDGVDQGWKH
VOLGLQJGLVWDQFHZLWKDFRQVWDQWVSHHGRIPV)LJXUHV DFVKRZVWKHHIIHFWRIVOLGLQJGLVWDQFHDQG
PRQZHDU EHKDYLRXU ZLWKFRQVWDQWORDGDQG VSHHGPVRI$DQG $6L&00F¶V,WLVFOHDUIURP
WKH JUDSKV WKDW WKHZHLJKW ORVV LQFUHDVHV ZLWK LQFUHDVH LQ WKH VOLGLQJ GLVWDQFH DV WKH FRQWDFW SRLQW LQ WLPH LQ WKH
FRQWDFWVXUIDFHLVPRUH%XWLWLVREVHUYHGWKDWOHVVZHDULQFRPSRVLWHFRQWDLQLQJ6L&IRUDOOVOLGLQJGLVWDQFHV
7KLVFDQEHDWWULEXWHGWRKLJKKDUGQHVVDQGVWUHQJWKZLWKLQFUHDVLQJ YROXPHIUDFWLRQ7KLVDUJXPHQWLVLQOLQHZLWK
WKHREVHUYDWLRQV PDGH E\ $NKODJKL HWDODQG 6XUHVKD  6LPLODUREVHUYDWLRQVZHUHDOVRPDGHE\ 6LQJOD
HWDO  +HIXUWKHUPHQWLRQHGWKDWYROXPHORVVLQFUHDVHVOLQHDUO\ZLWKLQFUHDVLQJVOLGLQJGLVWDQFHDQGGHFUHDVHV
ZLWK LQFUHDVH LQYROXPH IUDFWLRQRI6L&XS WR %H\RQG  6L& ZHDU ORVVDJDLQ LQFUHDVHV VOLJKWO\DQG WKXV
UHYHUVHVWUHQGRIGHFUHDVLQJZHDUYROXPHORVVZLWKLQFUHDVHLQ6L&ZWGXHWRFOXVWHULQJRI6L&SDUWLFOHV 3UDPLOD
HWDO  UHFRUGHG WKLV ZHDUUHVLVWDQFHRIFRPSRVLWHVFRQWDLQLQJ6L&SDUWLFOHVZLOOUHGXFHWKHSURSHQVLW\IRU
PDWHULDOIORZDWWKHVXUIDFHDQGWKHIRUPDWLRQRILURQULFKOD\HUVRQWKHVXUIDFHVRIFRPSRVLWHVGXULQJVOLGLQJ
,W FDQ DOVR EH REVHUYHG WKDW ZHDU UDWH LQFUHDVHV ZLWK LQFUHDVLQJ QRUPDO ORDG DQG GHFUHDVHV ZLWK LQFUHDVLQJ 6L&
FRQWHQW IURP7KH RSWLPLVWLF HIIHFW RI UHLQIRUFLQJ KDUG6L& SDUWLFOHV LQ UHGXFLQJ WKHZHDU RIPDWHULDOV LV
DWWULEXWHGWRWKHIDFWVWKDWZLWKLQFUHDVHG6L&FRQWHQW DQGKDUGQHVVRIWKHFRPSRVLWH:HDURI$LVPRUHWKDQWKDW
RILWVFRPSRVLWHVIRUDOOWHVWHGORDGV7KLVLVGXHWRKLJKKDUGQHVVRIWKHFRPSRVLWHFRPSDUHGWREDVHDOOR\6LPLODU
REVHUYDWLRQVZHUHPDGHE\ 6LQJODHWDO  ,WLVDOVRREVHUYHGWKDWD YHU\OHVVZHDULQWKHHDUO\VWDJHIRU1
DQG1GXULQJWKHVOLGLQJGLVWDQFHRIPDQGPDVVKRZQLQ)LJXUH  G	H :HDULVIRXQGWRLQFUHDVH
VLJQLILFDQWO\LQ$WKDQLWVFRPSRVLWHVIRU1ORDGDVVKRZQLQ)LJXUH  GI$6L&VKRZVORZHUZHDU
DVFRPSDUHGWRRWKHUFRPSRVLWHVDQGEDVHDOOR\IRUDOOWKHORDGV
,WLVVHHQLQWKHPLFURJUDSKVWKDWDJUDLQUHILQHPHQWKDVWDNHQSODFHDW$6L&DQG$6L&3UHVHQFHRI
EULWWOHUHJLRQVLQWKHUHLQIRUFHGPDWHULDOLVVHHQ LQ 6(0REVHUYDWLRQV7KLVDOVRVXSSRUWVWKHUHVXOWVRIKDUGQHVVDQG
WHQVLOHWHVWVZKLFKUHYHDOKLJKHUVWUHQJWKDQGEULWWOHQHVVRIWKHFRPSRVLWHVZLWKKLJKHUUHLQIRUFHPHQW7KLVVWUXFWXUDO
FKDQJH LQ $ DQG $6L& KDV GHFUHDVHG WKH ZHDU UDWH +HQFH WKH ZHDU UDWH FDQ EH FRUUHODWHG WR WKH
PLFURVWUXFWXUHRIWKHPDWHULDO
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E
)LJDF(IIHFWRIVOLGLQJGLVWDQFHDWFRQVWDQWVOLGLQJVSHHGDQGFRQVWDQWQRUPDOORDG
GI(IIHFWRIQRUPDOORDGDWFRQVWDQWVOLGLQJVSHHGDQGFRQVWDQWVOLGLQJGLVWDQFH
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 5HVLGXDO6WUHVV
)LJXUH  VKRZVYDULDWLRQRIUHVLGXDOVWUHVVRQSRVWZHDUVDPSOH5HVLGXDOVWUHVVLVFRPSUHVVLYHLQDOOFDVHVH[FHSWLQ
$6L& FRPSRVLWH $ DOOR\ GLVSOD\V KLJKHU ZHDU WKDQ WKDW RI WKH FRPSRVLWH $6L& +HQFH$ LV
DFFRPSDQLHGE\ODUJHDPRXQWRISODVWLFGHIRUPDWLRQDVFRPSDUHGWRWKHFRPSRVLWH+LJKHUWKHSODVWLFGHIRUPDWLRQ
ODUJHUWKHUHVLGXDOVWUHVV([SHULPHQWDOO\REVHUYHGUHVLGXDOVWUHVVRI ±03DLQ$ZKLFKLVODUJHUWKDQWKDWIRU
WKH $6L& FRPSRVLWH LV LQ OLQH ZLWK WKLV DUJXPHQW $QG WKLV LV VXSSRUWHG E\ WHQVLOH SURSHUWLHV LQ 7DEOH 
LQGLFDWLQJKLJKHUWHQVLOHVWUHQJWKDQGORZHUHORQJDWLRQZLWKLQFUHDVLQJZWRI6L&&RPSUHVVLYHUHVLGXDOVWUHVVLV
LQGLFDWLYHRISRVLWLYHVWUDLQVLQWKHDOOR\DQGLQGLFDWHVVWUHWFKLQJRIVXUIDFHOD\HUVGXULQJZHDUWHVW
)LJ 9DULDWLRQRISRVW ZHDU UHVLGXDOVWUHVVZLWK:W6L&
&RQFOXVLRQV
 $6L& 00&¶V FRQWDLQLQJ&XFRDWHGSDUWLFOHV VKRZV LPSURYHG PHFKDQLFDOSURSHUWLHVGXH WR WKHKDUG
VLOLFRQFDUELGH UHLQIRUFHPHQW DQGVWURQJERQGLQJEHWZHHQSDUWLFOHVDQGPDWUL[
 ,QFUHDVLQJ VLOLFRQ FDUELGH FRQWHQW IXUWKHU LPSURYHPHQW DQG HQKDQFHPHQW LQ KDUGQHVV DQG VWUHQJWKZHUH
REVHUYHG(QKDQFHG ZHDUUHVLVWDQFH LV UHDOL]HGZLWK VLOLFRQFDUELGHUHLQIRUFHPHQW([WHQWRIZHDU LV ORZ
IRUKLJKHU YROXPHIUDFWLRQRI 6L& LQ00&¶V7KLVSKHQRPHQRQFDQEHDWWULEXWHGWRWKHHQKDQFHGVWUHQJWK
IROORZLQJKLJKHUSHUFHQWDJHRI UHLQIRUFHPHQW
 5HVLGXDO VWUHVV RI SRVW ZHDU VDPSOH WHVW LV FRPSUHVVLYH LQ QDWXUH $ GHFUHDVH RI UHVLGXDO VWUHVV ZLWK
LQFUHDVLQJVLOLFRQFDUELGHFRQWHQWFDQEHDWWULEXWHGWRUHGXFWLRQLQSODVWLFGHIRUPDWLRQVXEVHTXHQWWRZHDU
$FNQRZOHGJHPHQW
7KH DXWKRUV ZRXOG OLNH WR DFNQRZOHGJH WKHLU SURIRXQG WKDQNV WR WKH %RDUG RI 5HVHDUFK LQ )XVLRQ 6FLHQFH DQG
7HFKQRORJ\*DQGKLQDJDU*XMDUDWIRUUHVHDUFKJUDQWVXQGHUJUDQW1R1)30$7)
5HIHUHQFHV
.XPDU*%96ZDP\$5.5DPHVKD$6WXGLHVRQ SURSHUWLHVRI DVFDVW$O:&*UK\EULG00&V -&RPSRV0DWHU

0DKHQGUD.95DGKDNULVKQD.&DVWDEOHFRPSRVLWHVDQGWKHLUDSSOLFDWLRQLQDXWRPRELOHV3,0HFK(QJ'-$XW
*XSWD$.3URFHVVLQJRIPDWHULDOV  0RQROLWKLFWRFRPSRVLWHV%0DWHU6FL
6FXGLQR6/LX*6DNDOL\VND06XUUHGGL.%(FNHUW-3RZGHUPHWDOOXUJ\RI$OEDVHGPHWDOPDWUL[FRPSRVLWHVUHLQIRUFHGZLWKEHWD$O0J
LQWHUPHWDOOLFSDUWLFOHV$QDO\VLVDQGPRGHOLQJRIPHFKDQLFDOSURSHUWLHV$FWD0DWHU
&KX+<DQG/LQ-)([SHULPHQWDODQDO\VLVRI WKH WULERORJLFDOEHKDYLRXURIHOHFWUROHVVQLFNHOFRDWHGJUDSKLWHSDUWLFOHV LQDOXPLQLXP
PDWUL[FRPSRVLWHVXQGHUUHFLSURFDWLQJPRWLRQ(OVHYLHU:HDU9RO
'XERXUJ/8UVHVFX'+ODZND)&RUQHW$/DVHUFODGGLQJRI00&FRDWLQJVRQDOXPLQLXPVXEVWUDWHLQIOXHQFHRIFRPSRVLWLRQDQGPLFUR
VWUXFWXUHRQPHFKDQLFDOSURSHUWLHV:HDU
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/HQJ -) :X *+ =KRX 4% 'RX =< +XDQJ ;/ 0HFKDQLFDO SURSHUWLHV RI 6L&*U$O FRPSRVLWHV IDEULFDWHG E\ VTXHH]H FDVWLQJ
WHFKQRORJ\6FULSWD0DWHU SS 
%DKUDLQL00LQJKHWWL7=RHOOLJ06FKXEHUW-%HUURWK.6FKHOOH&*UDXOH7.XHEOHU-$FWLYDWHGSUHVVXUHOHVVLQILOWUDWLRQRI PHWDO
PDWUL[FRPSRVLWHVZLWKJUDGHGDFWLYDWRUFRQWHQW&RPSRV3DUWD$SSO6SS 
%OXFKHU-7'RNWRU$QHZSUHVVXUHLQILOWUDWLRQSURFHVVIRUFRQWLQXRXVSURGXFWLRQRIILEHUUHLQIRUFHG00&VWUXFWXUDOHOHPHQWV0DWHULDOV
WKH6WDUDW&HQWHU 6WDJH SS 
.UHW])*DFVL=.RYDFV-3LHF]RQND77KHHOHFWUROHVVGHSRVLWLRQRIQLFNHORQ6L&SDUWLFOHVIRUDOXPLQXPPDWUL[FRPSRVLWHV6XUI&RDW
7HFK SS 
6R.3-HRQJ-&3DUN-*3DUN+.&KRL<+1RK'+.HXP'+ -HRQJ+<%LVZDV&+RQJ&+/HH<+6L&IRUPDWLRQRQ
FDUERQQDQRWXEHVXUIDFHIRULPSURYLQJZHWWDELOLW\ZLWKDOXPLQXP&RPSRV6FL7HFKQRO SS 
$\IHU.LOLFDUVODQ)DWLK7RSWDQ,VLO.HUWL(OHFWUROHVVQLFNHO±SKRVSKRUXVFRDWLQJRQERURQFDUELGHSDUWLFOHV(OVHYLHU0DWHULDOV/HWWHUV SS
±
0DQLJDQGDQ.6ULYDWVDQ764XLFN7,QIOXHQFHRIVLOLFRQFDUELGHSDUWLFXODWHVRQWHQVLOHIUDFWXUHEHKDYLRURIDQDOXPLQXPDOOR\0DW6FL
(QJD6WUXFW SS 
0DQRM6LQJOD''HHSDN'ZLYHGL/DNKYLU6LQJK9LNDV&KDZOD 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